The baculoviruses are prolific insect pathogens that have been engineered as highly productive gene expression vectors. Multiplicative success of these large DNA viruses depends on coordinated and regulated expression of viral genes, as well as the inhibition of host defense mechanisms that include apoptosis (reviewed in references 6, 12, 39, and 43). Immediate early protein IE1 is thought to be a critical mediator of baculovirus gene expression due to its potency as a transcriptional activator. Although IE1 is required for multiplication of Autographa californica multicapsid nucleopolyhedrovirus (AcMNPV), the prototype species of Baculoviridae, the exact replicative functions of this highly conserved protein are poorly understood (57) . It is unclear, for example, whether IE1 regulates transcription of every gene within the 128-kb doublestranded AcMNPV genome and whether it contributes to the widespread apoptosis that is associated with AcMNPV infection (7, 23, 46) . Defining the replicative functions of IE1 during the course of a normal infection is critical for an understanding of the multiplicative competency of AcMNPV and thus its efficiency as a viral expression vector (reviewed in reference 20) .
AcMNPV IE1 is a 67-kDa dimeric DNA-binding protein that stimulates transcription in plasmid transfection assays through the activity of its N-terminal acidic domains (3, 5, 9, 13, 14, 21, 22, 29, 38, 41, 42, 44, 50, 51, 55) . Synthesized very early during infection, IE1 accumulates within the nucleus, where it is maintained through late times (4, 40, 47, 57) . Transactivation by IE1 is enhanced by its binding as a homodimer to the baculovirus homologous region (hr) sequences, which function as transcriptional enhancers and origins of viral DNA replication (5, 22, 28, 42, 45, 50) . The capacities of IE1 to interact with origins of viral DNA replication and to associate with DNA replication factories are consistent with the postulated role of IE1 in baculovirus DNA replication (5, 19, 28, 36, 50) . Thus, IE1 appears to have multiple in vivo functions, as originally suggested by the variety of behaviors displayed by a temperature-sensitive mutant of IE1 (49) . AcMNPV immediate early protein IE0 (74 kDa) is identical to IE1 except for an additional 54 amino acid residues at its N terminus. Also synthesized early, IE0 is produced from an RNA splicing event in which a single exon (exon0) is fused to the 5Ј end of the ie-1 open reading frame (ORF) (4, 47, 56) . Presumably due to their common sequences, IE0 and IE1 share biochemical activities, including hr enhancer binding and transcriptional activation (9, 21, 22) . Nonetheless, either IE1 or IE0 is sufficient for AcMNPV multiplication; the presence of both genes is not required (30, 56) . Thus, the potential regulatory role of IE0 during infection is an interesting unknown.
Importantly, IE1 has been implicated in triggering apoptosis during infection (23, 46) . Apoptosis induced by AcMNPV mutants lacking apoptotic inhibitors causes vigorous and widespread cell death that can severely limit virus multiplication (reviewed in references 6 and 12) . Nonetheless, the mechanisms by which baculoviruses trigger apoptosis and the viral genes required for this dramatic pathogenesis are unknown. IE1 may contribute directly by transactivation of host prodeath genes, by induction of a host DNA damage response, or by alteration of the cell cycle. Indeed, ectopic overexpression of ie-1 causes low-level apoptosis in cultured cells through an unknown mechanism (46) . Alternatively, IE1 may contribute indirectly by promoting virus replicative events, including viral DNA synthesis or inhibition of host biosynthetic processes, which can trigger host cell suicide (7, 23) . Here, we have defined the role of IE1 in AcMNPV-induced apoptosis by using RNA interference (RNAi) to ablate IE1 during infection.
RNAi is an invaluable tool for defining functions of virus and host genes in lepidopteran and dipteran cells (18, 25, 34, 48, 54, 58) . The success of RNAi-mediated inhibition of virus gene expression is due in part to the efficiency with which in vitro-synthesized double-stranded RNA (dsRNA) enters cultured insect cells and subsequently engages the host's RNA silencing machinery (reviewed in reference 33). Moreover, RNAi provides a distinct advantage in that gene function can be evaluated during virus infection initiated by normal host cell receptor-mediated entry. Here, we report that RNAi effectively silenced ie-1 and ie-0 during AcMNPV inoculation of permissive lepidopteran and nonpermissive dipteran cells. Confirming critical roles in replication (56, 58) , RNAi ablation of IE1 and IE0 severely inhibited multiple facets of AcMNPV multiplication. Surprisingly, loss of IE1 had dissimilar effects on expression of early viral genes, demonstrating that IE1 is a transcriptional regulator that differentially regulates viral promoters. Importantly, loss of IE1 prevented AcMNPV-induced apoptosis in lepidopteran and dipteran cells. Thus, our study suggests that IE1 triggers this antiviral response through a mechanism that is conserved between insects from different orders.
MATERIALS AND METHODS
Cells. Spodoptera frugiperda IPLB-SF21 (SF21) cells (60) were propagated in TC100 growth medium (Invitrogen) supplemented with 10% heat-inactivated fetal bovine serum (FBS) (HyClone Laboratories). Drosophila melanogaster Schneider DL-1 cells (52) were propagated in Schneider's growth medium (Invitrogen) supplemented with 15% heat-inactivated FBS. Described previously (32), SF21
Op-iap cells were derived from parental SF21 cells by stable transfection with the inhibitor-of-apoptosis gene Op-iap from Orygia pseudotsugata MNPV; the AcMNPV ie-1 promoter directs constitutive expression of influenza hemaglutinin epitope-tagged Op-iap (Op-iap HA ). Viruses. All viruses were plaque purified, and their genotypes ( Fig. 1) were confirmed by analyses of PCR-amplified genomic segments. Wild-type (wt) AcMNPV strain L-1 (27) and AcMNPV recombinants wt/lacZ (p35
, v⌬35K/lacZ (p35 negative, polh negative, lacZ ϩ ), and vOpIAP (p35 negative, Op-iap ϩ , lacZ ϩ ) were described previously (16, 25, 47, 62) . Recombinant vIE1 prm -EGFP/lacZ (p35 ϩ , egfp ϩ , lacZ ϩ ) was created by allelic replacement in which the polh of parent wt AcMNPV was replaced with the lacZ gene fused to the polh promoter, which was linked to the enhanced green fluorescence protein gene (egfp) and fused to the ie-1 promoter (prm). vIE1 prm -EGFP (p35 ϩ , egfp ϩ , polh ϩ ) was generated by replacing lacZ of parent vIE1 prm -EGFP/lacZ with polh. The ie-1 promoter (IE1 prm ), extending from positions Ϫ531 to ϩ138 relative to the ie-1 transcriptional start site (ϩ1), directs expression of egfp, AcMNPV p35, and Op-iap HA , each of which was inserted at the polh locus of recombinant vIE1 prm -EGFP, vIE1 prm -EGFP/lacZ, vP35, and vOpIAP, respectively (Fig. 1) . vP35 prm -EGFP (p35 ϩ , egfp ϩ , polh ϩ ) was created by replacing lacZ of parent wt/lacZ with polh, which was linked to egfp fused to the p35 promoter extending from positions Ϫ226 to ϩ55 relative to the p35 transcriptional start site (ϩ1).
For inoculations, 10 PFU per cell (unless stated otherwise) of extracellular budded virus (BV) in TC100-10% FBS was added to SF21 or DL-1 monolayers. After being subjected to gentle rocking for 1 h at room temperature, the inoculum was replaced with FBS-supplemented medium, and the cells were incubated at 27°C. Phase-contrast photography was conducted by using an Axiovert 135TV microscope (Zeiss) equipped with a Microfire camera (Optronics). Enhanced green fluorescent protein fluorescence was photographed by using the X-Cite 120 fluorescence illumination system attached to the same microscope. Images were generated with Pictureframe software (Optronics) and Adobe Photoshop.
dsRNA transfection. The complete egfp ORF (25) , nucleotides 855 to 2390 of AcMNPV gp64 (GenBank accession number M25420), nucleotides 63 to 173 of AcMNPV exon0 (GenBank accession number M22231), and nucleotides 439 to 2409 of AcMNPV ie-1 (GenBank accession number M21884) were inserted into plasmid pBluescript K/S(ϩ) (Invitrogen). RNA was synthesized by using in vitro transcription reactions (Ampliscribe T3 and T7 kits; Epicentre) with these template plasmids. dsRNA was generated from complementary single-stranded RNAs that were heated to 65°C and cooled 1°C per min. For transfection of SF21 cells, dsRNA (80 g) was incubated for 2 h with cationic liposomes (40 l) consisting of DOTAP-DOPE {N-[1-(2,3-dioleoyloxy)propyl]-N,N,N-trimethylammonium methylsulfate)-L-phosphatidylethanolamine, dioeoyl (C 18:1 ,[cis]-9)}. The RNAs were diluted with serum-free TC100 to give a final volume of 1 ml and mixed with 2 ϫ 10 6 SF21 cells. The RNA-cell suspension was gently agitated for 4 h at 27°C and transferred to 60-mm-diameter plates. After cell attachment, the overlay was replaced with TC100-10% FBS. For DL-1 transfections, conditions were identical except that dsRNA (20 g) was incubated with DOTAP-DOPE (20 l) and the transfected cells were overlaid with Schneider's medium-15% FBS in 35-mm-diameter plates.
Immunoblots and antisera. Intact cells and apoptotic bodies, if present, were collected by centrifugation, lysed in 1% sodium dodecyl sulfate (SDS)-1% ␤-mercaptoethanol, and subjected to SDS-polyacrylamide gel electrophoresis. Caspase assays. Mock-or virus-infected cells were collected and lysed in caspase activity buffer (10 mM HEPES, pH 7.0, 2 mM EDTA, 5 mM dithiothreitol, 0.1% CHAPS {3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate}) containing 1ϫ protease inhibitor (Roche). The lysates were clarified by centrifugation, and caspase activity was measured by using the substrate DEVDamc (N-acetyl-DEVD-7-amido-4-methylcoumarin) (Sigma) as previously described (24) . Values are reported as the average rates of fluorescent product accumulation (relative light units) Ϯ standard deviations for cells harvested 24 h after infection from three independent plates.
RESULTS
IE1 and IE0 are depleted by gene-specific RNAi. To evaluate the effect of IE1 and IE0 on AcMNPV replication, we used an RNAi approach to selectively silence gene expression. To this end, we generated gene-specific dsRNAs which, when transfected into cultured cells, would target virus-transcribed ie-1 and ie-0 mRNAs (ie-1/ie-0 mRNAs). Transcription of the ie-1/ ie-0 locus of AcMNPV yields spliced ie-0 and unspliced ie-1 mRNAs that overlap significantly at their 3Ј ends ( Fig. 2A) . Only the 5Ј end of the ie-0 mRNA, which includes a portion of the ac141 gene for the late protein EXON0, is unique. We therefore generated a small dsRNA complementary to the first exon of ie-0 (exon0 dsRNA) and a separate dsRNA complementary to both ie-1 and ie-0 (designated ie-1/ie-0 dsRNA) for use in our RNAi strategy ( Fig. 2A) . Because of the overlapping nature of these dsRNAs, we expected exon0 dsRNA to interfere with ie-0 and ac141 expression, whereas ie-1/ie-0 dsRNA would interfere with ie-0 and ie-1 expression. No other genes are known to overlap the ie-1 ORF.
We first tested the effect of in vitro-generated dsRNAs on viability of SF21 cells. Upon transfection, ie-1/ie-0 dsRNA, a dsRNA specific to the AcMNPV envelope fusion protein GP64 gene (gp64 dsRNA), and dsRNAs specific for genes encoding enhanced green fluorescence protein (egfp dsRNA), luciferase, or CAT had no effect on cell viability or morphology (data not shown). However, transfection with exon0 dsRNA caused a small fraction (Ͻ20%) of the cells to fragment and undergo membrane blebbing that was reminiscent of apoptosis. Treatment of exon0 dsRNA-transfected cells with a cell-permeable caspase inhibitor blocked the morphological signs of apoptosis (data not shown). Thus, to avoid potential toxic effects of dsRNAs, we subsequently used the SF21 Op-iap cell line, an SF21-derived clonal line that stably expresses the apoptotic inhibitor Op-iap (32) . SF21
Op-iap cells showed no deleterious effects when transfected with any of the dsRNAs used here, including exon0 dsRNA (see below). Furthermore, this cloned cell line was indistinguishable from parental SF21 cells with respect to multiple criteria, including AcMNPV gene expression and multiplication.
To assess the capacity of dsRNA to silence ie-1 and ie-0, we first monitored steady-state levels of IE1 and IE0 during AcMNPV infection. To this end, SF21
Op-iap cells were transfected with dsRNA and infected 24 h later with wt/lacZ, an AcMNPV recombinant in which a polh promoter-driven lacZ reporter replaced the polh gene (Fig. 1 ). Immunoblot analysis indicated that control egfp dsRNA had no effect on the timing of IE1 and IE0 synthesis ( Fig. 2B ) and caused only minor reductions in the steady-state levels of both proteins. In contrast, ie-1/ie-0 dsRNA eliminated IE0 and caused a dramatic reduction in IE1 (lanes 9 to 12); only trace levels of IE1 were detected at 12 and 24 h after infection. IE0 was fully depleted by exon0 dsRNA (lanes 14 to 16) and IE1 levels were reduced, The ie-1 mRNA, which encodes IE1 (582 residues), is initiated immediately upstream from the ie-1 ORF (black arrow). The ie-0 mRNA, which encodes IE0 (636 residues), begins upstream of the ac141 (exon0) gene and is spliced to remove an intron encompassing at least six genes (white arrows). The N terminus of IE0 contains 38 residues from the ac141 protein, 16 residues encoded by sequences immediately upstream of the ie-1 ORF, and all ie-1 ORF residues (4, 8) . The exon0 and ie-1/ie-0 dsRNAs (double bars) used here extend from nucleotides 63 to 173 and 755 to 2337 relative to the ie-0 and ie-1 RNA start sites (ϩ1), respectively. (B) Immunoblots. SF21
Op-iap cells were transfected without dsRNA (none) or with egfp, ie-1/ie-0, or exon0 dsRNA and infected 24 h later with AcMNPV recombinant wt/lacZ. Total cell lysates prepared at the indicated hours (h) after mock infection (mi) or infection (ϩvirus) were subjected to immunoblot analysis by using anti-IE1 (top) or antiactin (bottom). The actin blot indicated comparable levels of protein loaded. Protein size standards (in kilodaltons) are indicated on the left. ␣, anti.
especially early in infection. We concluded that RNAi is effective for knockdown of ie-0 and ie-1. Importantly, it was determined that uptake of dsRNA did not affect virus entry, because production of other early viral proteins was normal (see below).
RNAi-mediated depletion of IE1 and IE0 inhibits viral multiplication. As demonstrated by gene deletion, IE1 is required for AcMNPV multiplication (56) . Thus, to quantify the effectiveness of ie-1/ie-0 silencing, we monitored aspects of AcMNPV multiplication in dsRNA-transfected SF21
Op-iap cells. Upon transfection with control egfp dsRNA, production of polyhedra by vIE1 prm -EGFP ( Fig. 1) was indistinguishable from that of untreated cells (Fig. 3A) . Quantitation with stained gels indicated that intracellular levels of polyhedrin in these cells were reduced only slightly compared to those of untreated cells (Fig.  3B) . In contrast, ie-1/ie-0 dsRNA-transfected cells produced no detectable polyhedra (Fig. 3A) or polyhedrin (Fig. 3B) after infection. exon0 dsRNA caused only minor reductions in accumulation of polyhedrin and polyhedra. To better quantify the effects of silencing on very late viral gene expression, we measured polh promoter activity of AcMNPV recombinant vIE1 prm -EGFP/lacZ (Fig. 1) . exon0 dsRNA decreased polh promoter activity by only threefold in comparison to the level for untreated cells (Fig. 3C) . Conversely, ie-1/ie-0 dsRNA reduced promoter activity to background levels. These data confirmed that ie-1 is required for very late gene (polh) expression and that ie-0 is dispensable for this function. It is noteworthy that late gene expression was reduced fivefold by control egfp dsRNA, suggesting that dsRNA has a modest repressive effect on AcMNPV replication (see below).
RNAi-mediated silencing also reduced yields of infectious extracellular BV. When transfected with ie-1/ie-0 dsRNA, vIE1 prm -EGFP/lacZ-infected SF21
Op-iap cells produced ϳ1,000-fold less BV than untreated cells (Fig. 3D) . Likewise, exon0 dsRNA caused a comparable reduction in BV yield. However, because protein EXON0 is required for efficient BV production (8, 11), we attributed the negative effect of exon0 dsRNA to silencing of ac141, the essential gene that encodes EXON0 (Fig. 2) . Collectively, these studies confirmed the essential nature of the ie-1/ie-0 locus in AcMNPV multiplication and that RNA silencing is an effective means to interfere with the function of these immediate early genes.
RNAi-mediated silencing of ie-1 is independent of MOI. In initial experiments, we observed that heterologous dsRNAs had a nonspecific, negative effect on AcMNPV replicative events that was influenced by the MOI of the infecting virus. Thus, to determine if ie-1/ie-0 silencing was also influenced by MOI and thus affected by potential artifacts of RNA transfection, we tested the impact of RNAi on BV production as a function of MOI. To this end, dsRNA-transfected SF21 cells were inoculated with increasing MOIs of vIE1 prm -EGFP/lacZ and 48-h yields of BV were measured (Fig. 4A) . egfp dsRNA caused a 10-fold reduction in BV at the lowest MOI (0.05 PFU per cell) but only twofold at the highest MOI (1 PFU per cell) (Fig. 4B) . Unrelated heterologous dsRNAs caused comparable MOI-dependent reductions in BV production (data not shown), suggesting that this negative effect was nonspecific. In contrast, ie-1/ie-0 dsRNA reduced BV yields by ϳ1,000-fold at each MOI (Fig. 4B) . Thus, ie-1/ie-0 silencing was independent of MOI. This finding confirmed the effectiveness of RNAi for defining the roles of IE1 and IE0 during infection and ruled out possible artifacts due to dsRNA transfection. The mechanism by which heterologous dsRNA negatively affects AcMNPV multiplication is unclear, but it involves an early step, because accumulation of early virus proteins was also reduced (see below). Such effects should be considered when using RNAi to define baculovirus gene function. IE1 and IE0 regulate early protein synthesis during infection. Due to their transcriptional stimulatory activity, it is likely that IE1 and IE0 regulate transcription of AcMNPV genes. However, to date, the contributions of both transactivators have not been evaluated in the context of an infection initiated by receptor-mediated entry of normal virus. Here, RNAimediated ablation of IE1 and IE0 enabled us to define functions of these transactivators in the infected cell. We first monitored the effects of IE1 and IE0 on synthesis of early AcMNPV proteins during infection of SF21
Op-iap cells with vIE1 prm -EGFP/lacZ. As expected, ie-1/ie-0 dsRNA reduced the amounts of IE1 and IE0 below the level of immunoblot detection (Fig. 5, lanes 14 to 18) and exon0 dsRNA fully depleted IE0 (lanes 20 to 24) . In contrast, ie-1/ie-0 or exon0 dsRNA had a minimal effect on synthesis of envelope fusion protein GP64, which accumulated with the same kinetics as that in untreated (lanes 2 to 6) or egfp dsRNA-treated (lanes 8 to 12) cells. Thus, IE1 and IE0 had little effect on expression of gp64. This finding also indicated that dsRNA did not interfere with virus entry or genome uncoating. In contrast, levels of protein P35 were decreased below the level of detection in ie-1/ie-0-silenced cells (lanes 14 to 18) and were significantly reduced in exon0-silenced cells (lanes 20 to 24) . Thus, these data suggested that expression of p35, unlike that of gp64, requires IE1 and is positively influenced by IE0 during infection. We concluded that early gene expression, typified by that of p35 and gp64, exhibit surprisingly dissimilar regulations by IE1 and/or IE0.
IE1 and IE0 regulate early gene expression during infection. To quantify effects of IE1 and IE0 on promoter activity in vivo, we generated AcMNPV recombinants with reporter genes under the control of viral early promoters. Recombinant vP35 prm -EGFP (Fig. 1) carries egfp fused to the full-length p35 promoter, which exhibits wt activity when inserted at the polh locus (10, 38) . Fluorescence microscopy was used to monitor promoter activity within individual living cells. In the absence of dsRNA, the p35 promoter produced a strong fluorescent signal in Ͼ90% of the cells by 48 h after infection (Fig. 6A,  panel i) . As expected, this signal was lost upon egfp silencing (panel ii). Silencing of ie-1/ie-0 caused a comparable loss of signal (panel iii). In contrast, a low level of egfp fluorescence was detected in exon0-silenced cells (panel iv). In each case, normal intracellular accumulation of GP64 demonstrated that these cells were infected (data not shown). We quantified p35 promoter activity by measuring CAT activity in cells infected with AcMNPV recombinant v35K-CAT (Fig. 1) , in which the full-length p35 promoter directs cat reporter expression (Fig.  6B) . By 24 h after infection, p35 promoter activity was reduced 16-to 20-fold upon ie-1/ie-0 or exon0 dsRNA silencing in comparison to the level for egfp-silenced cells (Fig. 6C) . We concluded that IE1 is required for p35 promoter activation and that IE0 contributes directly or indirectly.
Previous studies have suggested that IE1 and IE0 can regulate their own expression. For example, when overproduced in transfection assays, IE0 stimulates the ie-1 promoter but not its own promoter, whereas IE1 stimulates its own promoter and represses the ie-0 promoter (21, 47) . To investigate autoregulation by IE1 and IE0 in vivo, we first monitored activity of the ie-1 promoter by using AcMNPV recombinant vIE1 prm -EGFP. The full-length ie-1 promoter, which directs egfp expression, behaves in a manner identical to that of the native ie-1 gene
FIG. 4. Effect of MOI on RNAi effectiveness. SF21
Op-iap cells were transfected without dsRNA (none) or with egfp or ie-1/ie-0 dsRNA and inoculated 24 h later with vIE1 prm -EGFP/lacZ using the indicated MOI (PFU per cell). Extracellular BV was quantified 48 h after infection by 50% tissue culture infective doses. Reported values are the average virus yields (PFU per ml) Ϯ standard deviations determined from triplicate infections (A) and were normalized to those obtained in the absence of dsRNA (B).
FIG. 5. Effect of RNAi on AcMNPV early proteins GP64 and P35. SF21
Op-iap cells were transfected without dsRNA (none) or with egfp, ie-1/ie-0, or exon0 dsRNA and inoculated with vIE1 prm -EGFP/lacZ. Total cell lysates prepared at the indicated hours (h) after mock infection (mi) or infection (ϩvirus) were subjected to immunoblot analysis using anti-IE1 (first row), anti-GP64 (second row), anti-P35 (third row), or antiactin (fourth row). Actin levels indicated comparable loading of cell lysates. Protein size standards (in kilodaltons) are indicated on the left. Caspase-mediated cleavage of P35 was prevented by the cellular Op-IAP. ␣, anti.
promoter (47) and was not overlapped by the dsRNAs used here. In the absence of dsRNA, ie-1 promoter-directed fluorescence was detected in Ͼ90% of the cells by 48 h after infection (Fig. 6A, panel v) . Upon ie-1/ie-0 silencing, egfp fluorescence disappeared from a majority (Ͼ80%) of the cells. Thus, in most cells, IE1, IE0, or both are required for normal ie-1 transcription. Interestingly, fluorescence intensified in cells representing a minority (5 to 17%) of the ie-1/ie-0-silenced population (Fig. 6A, panel vii) . This unique pattern, which suggested hyperactivity of the ie-1 promoter, was highly reproducible and not due to inefficient silencing, because the same ie-1/ie-0 dsRNA preparation eliminated p35 promoter-directed fluorescence (Fig. 6A, panel iii) . Moreover, upon exon0 silencing, ie-1 promoter-directed fluorescence was dramatically reduced and more uniformly distributed (Fig. 6A, panel viii) . We concluded that IE0 stimulates ie-1 transcription and that IE1 and IE0 cooperatively regulate ie-1, except in a minority of cells wherein the ie-1 promoter is subject to alternative controls (see below).
To better quantify ie-1 promoter activity, we used the CAT reporter of recombinant vIE1 FL -FCAT (Fig. 1) , in which the same full-length ie-1 promoter directs cat expression (Fig. 6B) . By 24 h after infection, ie-1 promoter activity in exon0-silenced cells was reduced threefold in comparison to that in egfpsilenced cells (Fig. 6C) . In contrast, ie-1 promoter activity was enhanced twofold in ie-1/ie-0-silenced cells; we attributed this increase to the hyperactivity of the ie-1 promoter in select cells. These trends were confirmed by monitoring ie-1 promoter activity throughout infection (Fig. 6D) . At both early and late times, ie-1 promoter activity was highest in ie-1/ie-0-silenced cells and lowest in exon0-silenced cells. Because ie-1 promoter activity was reduced in the absence of IE0, our findings suggested that IE0 is a positive regulator of ie-1 expression in vivo. Furthermore, because ablation of both IE1 and IE0 reduced ie-1 promoter activity in most (Ͼ80%) cells, we concluded that both IE1 and IE0 positively regulate ie-1 expression. Nonetheless, in an interesting subpopulation of ie-1/ie-0-silenced cells in which the ie-1 promoter is hyperactive, other transcriptional regulatory mechanisms are dominant (see below).
IE1 is required for AcMNPV-induced apoptosis in permissive cells. Previous studies have implicated IE1, either directly or indirectly, in triggering apoptosis during AcMNPV infection (23, 46) . By silencing ie-1 and ie-0 in normal unmodified SF21 cells, we evaluated the apoptotic role of IE1 and IE0 during infection. Transfection of control egfp dsRNA or AcMNPV gp64 dsRNA had no effect on the capacity of the AcMNPV p35-null mutant v⌬35K/lacZ (Fig. 1) to trigger widespread apoptosis in normal SF21 cells (Fig. 7A, panels ii and iii) . By 24 h after infection, apoptotic blebbing and cytolysis encompassed Ͼ90% of the culture, a result which was comparable to results in the absence of dsRNA (Fig. 7A, panel i) . In the absence of caspase inhibitor P35, apoptosis induced by v⌬35K/ lacZ was not prevented, because the host death proteases known as caspases function unabated to proteolytically execute the infected cell. The principal Spodoptera effector caspase, Sf-caspase-1, is processed from an inactive proform (pro-Sf- caspase-1) to its active large/small subunit complex during apoptosis (24) . Indeed, Sf-caspase-1 was processed to its subunit form in v⌬35K/lacZ-infected cells treated with egfp or gp64 dsRNA (Fig. 7B , lanes 6 to 8 and 10 to 12) at a rate comparable to that in untreated cells (lanes 2 to 4). As measured by in vitro cleavage of the sensitive effector caspase substrate DEVD-amc, caspase activity within these cells was 10-to 20-fold higher than that within mock-infected cells and comparable to that within infected cells not treated with dsRNA (Fig.  7C) . Thus, control dsRNAs had no effect on the capacity of AcMNPV to trigger apoptosis. In contrast, SF21 cells treated with ie-1/ie-0 dsRNA failed to undergo v⌬35K/lacZ-induced apoptosis. By 24 h after infection, Ͼ90% of these cells remained intact (Fig. 7A, panel iv) . Pro-Sf-caspase-1 levels remained constant, and little or no processing of the large/small subunit was detected (Fig. 7B,  lanes 13 to 16) . Caspase activity was correspondingly reduced in ie-1/ie-0-silenced cells (Fig. 7C) . Levels of GP64 were similar in ie-1/ie-0 and egfp dsRNA-treated cells (Fig. 7B , lanes 2 to 4 and 14 to 16, respectively), indicating that the infections were comparable. We concluded that de novo-synthesized IE1 and/or IE0 is required for AcMNPV-induced apoptosis of permissive SF21 cells. Due to the toxicity of exon0 dsRNA, we could not assess the proapoptotic contribution of IE0 alone.
IE1 is required for AcMNPV-induced apoptosis of nonpermissive cells. To confirm the role of IE1 in baculovirus-induced apoptosis, we used RNAi to ablate IE1 in DL-1 cells, a Drosophila melanogaster cell line that is readily transfected with dsRNA (25, 54) . Even though DL-1 cells are not permissive for AcMNPV (35) , they undergo widespread, caspase-mediated apoptosis upon inoculation with p35-null mutants (25, 62) . Interestingly, IE1, but not IE0, is synthesized in infected DL-1 cells (see below). Thus, these cells also provided an opportunity to assess proapoptotic functions of IE1 in the absence of IE0.
To trigger apoptosis, we inoculated DL-1 cells with AcMNPV recombinant vOpIAP, which lacks p35 but carries an inserted copy of inhibitor-of-apoptosis gene Op-iap (Fig. 1) . Op-iap prevents apoptosis in SF21 cells and thus facilitates production of high-titered virus stock for inoculation of DL-1 cells, where Op-iap is nonfunctional (25, 61, 62) . Transfection of DL-1 cells with control dsRNA had no effect on vOpIAPinduced apoptosis; Ͼ95% of the cells underwent membrane blebbing and cytolysis by 24 h after inoculation with or without egfp dsRNA (Fig. 8A, panels ii and iii) . In contrast, vOpIAP failed to cause apoptosis of ie-1/ie-0 dsRNA-transfected cells (Fig. 8A, panel iv) ; these cells remained intact with little or no cytolysis by 24 h after inoculation. IE1 was produced at normal levels in the presence of egfp dsRNA but was reduced below the levels of detection in ie-1/ie-0 dsRNA-treated cells (Fig. 8B,  lanes 16 to 21) . IE0 was not detected in treated or untreated cells after infection with vOpIAP (Fig. 8B) or other AcMNPV recombinants (data not shown). Infection of each dsRNAtreated culture was confirmed by the nearly normal accumulation of GP64 (Fig. 8B) . We concluded that IE1, not IE0, is required to induce apoptosis upon infection of Drosophila cells.
To define the step at which apoptosis was blocked upon ie-1 silencing, we monitored the activation of endogenous DrICE, the principal Drosophila effector caspase that is required for AcMNPV-induced apoptosis (25) . Whereas pro-DrICE was proteolytically processed to its active large/small subunit form in untreated and egfp dsRNA-transfected cells (Fig. 8B , lanes 2 to 7 and 9 to 14), little if any processing was detected in ie-1-silenced cells through 48 h (lanes 16 to 21) . Only low levels of intracellular caspase activity were detected in these cells (Fig. 8C) , confirming the lack of DrICE activation. By comparison, intracellular caspase activity 24 h after infection of untreated cells or egfp dsRNA-transfected cells was threefold to fourfold greater (Fig. 8C) . We concluded that IE1 triggers apoptosis at a step prior to the activation of host Drosophila caspases. Moreover, because de novo expression of ie-1 is required, the trigger for apoptosis is IE1 itself, an IE1-dependent gene, or an IE1-required replicative event occurring after virus entry.
DISCUSSION
IE1 is a transcriptional activator that is essential for virus multiplication and conserved among lepidopteran baculoviruses (15) . Here, for the first time, we have used an RNAi approach to define and quantify the functional roles of IE1 in the AcMNPV life cycle when initiated by receptor-mediated entry of infectious virus. We report that IE1 is necessary for transcriptional activation of AcMNPV genes, including its own gene, to promote virus replication. Nonetheless, IE1 and its relative IE0 differentially activate early AcMNPV promoters to ensure proper levels of gene expression. Our study also demonstrates a critical role for IE1 in triggering the widespread apoptosis associated with AcMNPV. Remarkably, IE1 counteracts its own proapoptotic activity by timely transactivation of the apoptotic suppressor p35 to prevent cell death prior to virus maturation. Thus, IE1 has multifaceted roles in promoting multiplicative success and blocking antiviral responses that contribute to the effectiveness of baculoviruses as viral vectors for foreign gene expression.
IE1 is essential for AcMNPV multiplication. RNAi that was accomplished by gene-specific dsRNA transfection proved to be an efficient means to ablate IE1 and IE0 during infection (Fig. 2, 5, and 7) . By monitoring gene expression and replicative events in the absence of either transactivator, we confirmed the critical nature of IE1 and the accessory role of IE0 for baculovirus multiplication (30, 56, 58) . A previously used genetic knockout approach demonstrated that the ie-1/ie-0 complex is essential for AcMNPV multiplication (56) . Moreover, either IE1 or IE0 alone is sufficient to support virus multiplication, albeit at less-than-wt levels. Here, we found that simultaneous ablation of IE1 and IE0 severely limited production of BV and occluded virus (Fig. 3) . In contrast, selective loss of IE0 had only a minor effect on expression of polh, which is required for occluded virus production. Thus, IE0 is dispensable for those replicative events that activate very late virus gene expression. Although BV yields decreased upon ie-0 silencing (Fig. 3D ), this negative effect was attributed to cosilencing of exon0 (AcMNPV ORF ac141), which overlaps ie-0 (Fig. 2) and is necessary for BV production (11, 59) . Early AcMNPV genes are differentially regulated by IE1. The promoters of numerous baculovirus early genes and some host genes respond positively to IE1 in transient expression assays (3, 13, 21, 22, 31, 38, 44, 49) . Thus, IE1 appeared to be a broad-spectrum, nonspecific transcriptional activator. However, our study here revealed that IE1 differentially regulates promoters during infection. For example, early expression of AcMNPV p35 was highly sensitive to loss of IE1 and IE0 (Fig.  5 and 6 ). p35 promoter activity decreased dramatically in the absence of IE1, indicating that IE1 positively regulates p35 at the transcriptional level. Selective ablation of IE0 also reduced p35 expression. Thus, IE0 may exert a positive effect on p35 transcription, but this activity could be an indirect effect of IE0 on IE1 (see below). Unlike p35, early gp64 expression was less dependent on IE1 and IE0. In both SF21 and DL-1 cells ( Fig.  5 and 8 ), GP64 levels were minimally affected by ie-1/ie-0 silencing. These data suggested that despite the sensitivity of the gp64 promoter to upregulation by IE1 in transfection assays (3), IE1 has little impact on gp64 expression during infection. It is noteworthy that the gp64 promoter is active in uninfected cells in the absence of viral factors, whereas the p35 promoter is not (3, 38) . Thus, it is likely that the two promoters possess different cis-acting regulatory elements, including those responsive to IE1. Indeed, AcMNPV may gain a significant multiplicative advantage by requiring IE1 for activation of p35. Because the p35-encoded caspase inhibitor P35 prevents IE1-triggered apoptosis (see below), use of an IE1-dependent promoter to direct timely early expression of p35 provides an efficient fail-safe mechanism by which to block the host's apoptotic response and thereby ensure maximum replicative potential.
IE0 regulates ie-1 transcription. Despite its similarity to IE1 and the ability to partially substitute for IE1 in engineered baculoviruses (56) , the functional role of IE0 during infection is unknown. We found here that selective ablation of IE0 delayed the appearance of IE1 and reduced IE1 steady-state levels ( Fig. 2 and 5) . Furthermore, ie-1 promoter activity was reduced fivefold upon ie-1/ie-0 silencing (Fig. 6) . We concluded that IE0 stimulates transcription of ie-1 early during infection. Consistent with this conclusion, IE0 enhanced ie-1 promoter activity in plasmid transfection assays (21) . These findings suggest that IE0 functions to accelerate the build-up of intracellular IE1 early in infection to promote the replicative program of the virus. Consequently, IE0 may indirectly activate IE1-responsive genes by upregulating IE1, a possibility that accounts for the apparent stimulation of p35 expression by IE0 (Fig. 6) .
IE1 autoregulation is cell specific. The ie-1 promoter is highly active in uninfected cells from a variety of insects and does not require AcMNPV-specific factors (21, 25, 47) . Thus, it was unexpected that, when embedded within the AcMNPV genome, the ie-1 promoter was inactive in a majority (80 to 90%) of ie-1/ie-0-silenced cells (Fig. 6A, panel vii) . This finding suggested that IE1, IE0, or both are required for ie-1 expression during infection. Alternatively, viral or host negative regulatory factors may prevail in the absence of IE1 or IE0 to repress the ie-1 promoter. However, this is not the case for all cells, because the ie-1 promoter remained active in a small fraction (Ͻ20%) of ie-1/ie-0-silenced vIE1 prm -EGFP-infected cells (Fig. 6A, panel vii) . This unique expression pattern accounted for the increased reporter activity of virus vIE1 FL -FCAT (Fig. 6D ), which indicated high-level ie-1 promoter activity in these few cells. We initially speculated that the continued activity of the ie-1 promoter was due to a block in the normal transition from early to late stages of AcMNPV replication. However, this possibility is unlikely, because the same disparate pattern of ie-1 promoter activity was not observed when RNA silencing of viral DNA replication factors was used to block the normal transition from early to late phases (K. Schultz and P. Friesen, unpublished data). As an alternative possibility, IE1 may negatively regulate its own promoter in a strategy to limit ie-1 expression late in infection in some cells. Thus, RNAi-mediated reduction of IE1 would cause an increase in ie-1 promoter activity. Lastly, because the ie-1 promoter responds to host-specific transcription factors, it is possible that cell cycle-dependent differences in the availability of such factors affect promoter activity when IE1 levels are lower early during infection. Additional study is required to distinguish these interesting possibilities.
IE1 is required for AcMNPV-induced apoptosis. Among DNA viruses, AcMNPV is an unusually potent inducer of apoptosis. Within a 24-h period, AcMNPV mutants lacking apoptotic suppressors cause apoptotic death of Ͼ90% of the cells of susceptible cell lines ( Fig. 7 and 8 ). As such, baculoviruses have provided an advantageous model for defining the molecular mechanisms by which animal viruses trigger apoptosis and associated pathologies (6, 12) . IE1 has been implicated as a proapoptotic factor by virtue of its capacity to cause low-level apoptosis upon overexpression (46) and the contribution of early AcMNPV replication events in apoptosis (7, 23) . Here, we found that ie-1/ie-0 silencing was sufficient to block apoptosis induced by p35-deficient AcMNPV mutants in permissive SF21 cells (Fig. 7A) . Although virus entry and IE1-independent gene expression occurred in ie-1/ie-0-silenced cells, the biochemical hallmarks of apoptosis, including host caspase activation, failed to appear (Fig. 7) . We concluded that de novosynthesized IE1 is required either directly or indirectly (see below) for virus-induced apoptosis. This study provides the first direct evidence that IE1 contributes to apoptosis in the context of the baculovirus-infected cell. Thus, our findings support the conclusion that receptor engagement during AcMNPV entry is insufficient to trigger apoptosis and that virus-specific gene expression or replication events are required (7, 23) .
The proapoptotic role of IE1 was confirmed by using Drosophila DL-1 cells. Although Drosophila (order Diptera) is not permissive for AcMNPV, inoculation of Drosophila cells causes widespread apoptosis that is caspase dependent (25, 61, 62) . RNAi-mediated silencing of ie-1 blocked AcMNPV-mediated cytolysis, caspase activation, and proteolytic processing of effector caspase DrICE (Fig. 8) , which is required for virusinduced apoptosis (25) . Because IE0 was not produced during infection of DL-1 cells (Fig. 8B) , we concluded that this transactivator is not required for the triggering of apoptosis. Due to its dispensability for AcMNPV multiplicative functions (56), we also suspect that IE0 is not required for virus-induced apoptosis of permissive SF21 cells.
IE1 may play a direct or indirect role in promoting AcMNPV-induced apoptosis. Virus-encoded transcription factors, including adenovirus E1A and human immunodeficiency virus Tat, are proapoptotic, and some DNA viruses induce transcription factors that contribute to viral DNA replication or perturb the cell cycle to trigger apoptosis (reviewed in references 1, 2, 26, and 37). Thus, IE1 might activate prodeath genes or alter the cell cycle of the host. Several lines of evidence also suggest that AcMNPV DNA replication contributes to virus-induced apoptosis (7, 23) . Indeed, initiation of AcMNPV DNA synthesis coincides with caspase activation (23, 24) . Thus, by activating genes required for viral DNA synthesis or by participating in DNA replication, IE1 may indirectly trigger apoptosis. In support of this possibility, preliminary RNAi experiments indicated that AcMNPV DNA replication factors are required for virus-induced apoptosis in Spodoptera and Drosophila cells (Schultz and Friesen, unpublished). Further studies on the role of viral DNA replication in the host apoptotic response will clarify the proapoptotic activity of IE1. Importantly, defining the mechanisms by which baculoviruses trigger apoptosis will lead to a greater understanding of how arthropods respond to viral infections and thereby transmit viral disease to humans.
